Immunity, Vol. 7, 691-701, November, 1997, Copyright 11997 by Cell Press

An Indirect Effect of Stat5a in IL-2-Induced
Proliferation: A Critical Role for Statba
in IL-2-Mediated IL-2 Receptor « Chain Induction

Hiroshi Nakajima,* Xiu-Wen Liu,t
Anthony Wynshaw-Boris,* Louis A. Rosenthal,$
Kazunori Imada,* David S. Finbloom,§
Lothar Hennighausen,’ and Warren J. Leonard*l
*Laboratory of Molecular Immunology
National Heart, Lung, and Blood Institute
TLaboratory of Biochemistry and Metabolism
National Institute of Diabetes

and Digestive and Kidney Diseases
*Laboratory of Genetic Disease Research
National Human Genome Research Institute
National Institutes of Health
Bethesda, Maryland 20892
§Division of Cytokine Biology
Center for Biologics Evaluation and Research
Food and Drug Administration
Bethesda, Maryland 20892

Summary

Stat5a was identified as a prolactin-induced transcrip-
tion factor but also is activated by other cytokines,
including interleukin-2 (IL-2) and IL-7. We have now
analyzed the immune system of Stat5a-deficient mice.
Stat5a~~ splenocytes exhibited defective IL-2-induced
expression of the IL-2 receptor a chain (IL-2Re), a
protein that together with IL-2Rp and the common
cytokine receptor y chain (y.) mediates high-affinity
IL-2 binding. Correspondingly, Stat5a /'~ splenocytes
exhibited markedly decreased proliferation to IL-2, al-
though maximal proliferation was still achieved at IL-2
concentrations high enough to titrate intermediate-
affinity IL-2RB/y. receptors. Thus, defective Statba
expression results in diminished proliferation by an
indirect mechanism, resulting from defective receptor
expression. Correspondingly, we show that Stat5a is
essential for maximal responsiveness to antigenic
stimuli in vivo, underscoring the physiological impor-
tance of IL-2-induced IL-2Ra expression.

Introduction

Signal transducers and activators of transcription (STAT)
proteins are cytosolic latent transcription factors that
are rapidly activated following cellular exposure to in-
terferons, cytokines, or growth factors (reviewed by
Schindler and Darnell, 1995; lhle, 1996; Horvath and
Darnell, 1997; Leonard and O’Shea, 1998). A total of
seven different STAT proteins have been identified.
Much investigation has centered on the degree of speci-
ficity for each STAT protein and the extent to which
STATSs contribute to proliferation versus differentiation.
At least some STATs exhibit selective actions for one
or a limited number of cytokines (reviewed by Leonard,
1996; Horvath and Darnell, 1997). For example, in mice
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in which Statl (Durbin et al., 1996; Meraz et al., 1996),
Stat4 (Kaplan et al., 1996b; Thierfelder et al., 1996), or
Stat6 (Kaplan et al., 1996a; Shimoda et al., 1996; Takeda
et al., 1996) was separately disrupted by homologous
recombination, relatively specific defects were found
corresponding to defective signaling in response to in-
terferons, interleukin-12 (IL-12), and IL-4/IL-13, respec-
tively, even though in the case of Statl, a large number
of cytokines and growth factors have been reported to
activate this STAT protein.

Stat5 was originally identified as a mammary gland
factor induced by prolactin (Wakao et al., 1994). Subse-
quently, this protein was renamed Stat5a when a sec-
ond, homologous gene, denoted Stat5b, was identified
(Azam et al., 1995; Liu et al., 1995; Mui et al., 1995b; Lin
et al., 1996). Both Stat5a and Stat5b are activated not
only by prolactin but also by a wide range of other
cytokines, including growth hormone, erythropoietin,
thrombopoietin, IL-3, granulocyte-macrophage colony-
stimulating factor (GM-CSF), IL-5, IL-2, IL-7, IL-9, and
IL-15 (Schindler and Darnell, 1995). Nevertheless, the
specificities of their actions are demonstrated by the
observations that Stat5a-deficient (Stat5a~'~) mice ex-
hibit defective prolactin-related functions, with impaired
lobuloalveolar outgrowth of mammary epithelium during
pregnancy, resulting in defective lactation (Liu et al.,
1997), whereas Stat5b '~ mice exhibit defective growth
similar to that found in Laron dwarfism (Udy et al., 1997).
These different phenotypes underscore the distinct
roles of Statsa and Stat5b. Recently, bone marrow-
derived macrophages from Stat5a '~ mice were ana-
lyzed and shown to exhibit defective GM-CSF-induced
proliferation and gene expression (Feldman et al., 1997).

We have now analyzed the immunological properties
in Stat5a~/~ mice. Given the role of IL-7 in T and B cell
development (Peschon et al., 1994; von Freeden-Jeffry
et al., 1995) and of IL-2 in the proliferation of peripheral
T cells (Smith, 1988), we were particularly interested in
analyzing whether lymphoid development is normal in
Stat5a '~ mice and whether T cells exhibit normal prolif-
eration. We found that although thymic development
was relatively normal, splenocytes were diminished in
number and their proliferation in response to low con-
centrations of IL-2 was diminished due to a defectin IL-
2-induced expression of IL-2 receptor a chain (IL-2Ra).
However, concentrations of IL-2 sufficient to titrate inter-
mediate affinity IL-2 receptors (which contain IL-2R
and the common cytokine receptor vy chain [yc] but not
IL-2Ra) could induce maximal proliferation, indicating
that Stat5a’~ lymphocytes were not defective in their
intrinsic ability to proliferate. Given that a number of
STATs have been implicated in proliferation, these data
reveal an important instance in which the role of a STAT
protein in proliferation is indirect. Moreover, they pro-
vide evidence for the physiological importance of IL-2—
induced up-regulation of IL-2Ra expression.

Results

Because Stat5a is activated in response to IL-7 (Lin et
al., 1995) and IL-7 is known to be vital for T cell and B
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Figure 1. T Cell and B Cell Development in
Stat5a™’~ Mice

(A) Cellularity of thymus of 5- to 8-week-old
wild-type and Stat5a—/~ mice.

(B and C) Flow cytometric analysis of thymo-
cytes from 6-week-old mice. (B) Expression
of CD4 versus CD8 on total thymocytes using
anti-CD8-Cy-Chrome and anti-CD4-FITC. (C)

Expression of CD25 versus CD44 on double-
negative thymocytes. Single- and double-
positive cells were gated out using anti-CD4-
FITC and anti-CD8-FITC. Double-negative
cells were analyzed using anti-CD44-Cy-
Chrome and anti-CD25-PE.

(D) Stat5a™'~ mice tended to express slightly
diminished numbers of splenocytes. The
mice analyzed were 5-8 weeks old.

(E-H) Flow cytometric analysis of splenocytes
from 6-week-old mice. Cells were stained with
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cell development (Peschon et al., 1994; von Freeden-
Jeffry et al., 1995), we first evaluated whether lymphoid
development was normal in Stat5a~/~ mice. Analysis
of the thymus revealed essentially normal cellularity in
these mice (Figure 1A; 85.1 = 41.8 X 10° for wild-type
mice vs. 83.7 * 36.1 X 10° for Stat5a—/~ mice). In addi-
tion, flow cytometric analysis revealed essentially indis-
tinguishable CD4/CD8 staining (Figure 1B), normal IL-2Ra
(CD25)/CD44 staining within double-negative CD4~
CD8~ thymocytes (Figure 1C), and normal expression
of the CD69 activation antigen on both CD4*CD8~
and CD4 CD8* single-positive thymocytes (data not
shown). In contrast to the normal thymic cellularity in
Stat5a™~ mice, the number of splenocytes was mod-
estly decreased (Figure 1D; 70.0 = 14.5 X 10° cells/
spleen for wild-type mice vs. 52.8 = 17.1 X 10° cells/
spleen for Stat5a~/~ mice, P < 0.001). Flow cytometric
analysis of splenocyte populations revealed relatively
similar T:B cell ratios (based on T cell receptor [TCR]
ap and B220 expression) inwild-type and Stat5a~/~ mice
(Figure 1E). Among the T cells, the CD4:CD8 ratios were
similar (Figure 1F) and the expression of activation mark-
ers (CD69, CD62L, and CD25 [IL-2Ra]) on T cells were

10*
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anti-B220 Cy-Chrome versus anti-TCRb (H57)-
FITC (E), anti-CD8 Cy-Chrome versus anti-
CD4 FITC (F), anti-TCRyd FITC versus anti-
TCRb Cy-Chrome (gated on CD3" cells) (G),
or anti-B220 Cy-Chrome versus anti-IgM
FITC (H).

normal (data not shown), in contrast to the activated
phenotype found in IL-27/~ (Sadlack et al., 1995) and
IL-2Ra~’~ mice (Willerford et al., 1995). T cells bearing
vd TCR appeared to be diminished in Stat5a~’~ mice
(Figure 1G). Based on B220 versus immunoglobulin M
(IgM) staining, B cells in the spleen (Figure 1H) and bone
marrow (data not shown) exhibited relatively normal
maturation. Cells of the monocyte/macrophage (Mac-1*
cells) and granulocytic (Gr-1* cells) lineages also were
present in normal numbers (data not shown). The pres-
ence of normal T cell populations in thymus and of nor-
mal B cell populations in both bone marrow and spleen
underscored the ability of IL-7 to act as a thymocyte
maturation factor as well as a pre-B cell growth factor
in the absence of Stat5a.

We next analyzed STAT activation in Stat5a—/~ cells.
As shown in Figure 2A, IL-7-induced STAT DNA binding
was reduced in Statsa™~ thymocytes. Analogously,
IL-2 could activate STAT DNA binding activity in
Statba—’~ splenocytes, and again less binding activity
was seen than in wild-type mice (Figure 2B). Supershift-
ing with an antiserum specific for Stat5 proteins con-
firmed that the complex induced in Statsa™’~ cells
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contained Stat5b (Figures 2A and 2B). These results
indicated that Stat5b DNA binding activity is not depen-
dent on the presence of Stat5a. Interestingly, like IL-2,
IL-15 also induced much less STAT binding activity in
the Stat5a~/~ splenocytes thanin wild-type splenocytes,
whereas IL-7-induced STAT binding activity was less
impaired (Figure 2C). Since the IL-2 and IL-15 receptors
both share the IL-2 receptor B chain (Bamford et al.,
1994; Giri et al., 1994), which mediates Stat5 docking
and activation (Fuijii et al., 1995; Gaffen et al., 1995; Lin
et al., 1995; Friedmann et al., 1996), it is logical that
STAT protein activation in response to these cytokines
would be similar. IL-7-induced Stat5 activation instead
is mediated by the IL-7 receptor « chain, which contains
in its cytoplasmic domain a tyrosine-based motif that is
similar but slightly different from that found in IL-2R
(Lin et al., 1995). It is possible that the differences in the
sequences of the IL-2RB and IL-7Ra motifs could be
responsible for an altered efficiency for recruitment and
activation of Stat5b. In contrast to the diminished STAT
protein activation in response to IL-2, IL-7, and IL-15,
there was normal STAT protein activation in response
to interferon-a (Figure 2C), which is known to activate
primarily complexes containing Statl and Stat2 (Schind-
ler and Darnell, 1995), confirming that the Stat5a=/'-
splenocytes were capable of a full response to a differ-
ent stimulus. Stat5a~/~ mice express normal levels of
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Figure 2. Impaired STAT Activation in Statsa™/~
Thymocytes and Splenocytes

(A) Electromobility shift assays (EMSAS) using
extracts from thymocytes that were stimu-
lated with 5 ng/ml (330 pM) of murine recom-
binant IL-7 for 15 min. Whole-cell extracts
were prepared and EMSAs were performed
as described in Experimental Procedures.
(B) EMSAs using extracts from activated
splenocytes. Anti-CD3-stimulated spleno-
cytes were rested in RPMI 1640 media con-
taining 10% FCS and 2 mM glutamine for 10
hr and stimulated with 2 nM human recombi-
nant IL-2 for 15 min. Whole-cell extracts were
prepared and EMSAs were performed.

(C) Splenocytes were activated with phyto-
hemagglutinin and then either not stimulated
(control, CTRL) or stimulated with IL-2, IL-7,
IL-15, or interferon-a (IFN-a). Extracts were
then prepared and EMSAs were performed.
(D) Western blotting of whole-cell extracts
from thymocytes treated with IL-7 (lanes 1
and 2) and anti-CD3-preactivated spleno-
cytes treated with IL-2 (lanes 3 and 4) with
antisera for Statba, Stat5b, and Stat3.

3 4

Stat3 (Figure 2D). In some Stat5a~'~ mice, splenocytes
expressed normal levels of Stat5b protein (Figure 2D),
whereas in others, Stat5b was diminished (data not
shown; see Discussion).

Since Stat5a has been shown to interact with gluco-
corticoid receptor (Stocklin et al., 1996), we next ana-
lyzed the dexamethasone-induced death of thymocytes
in Stat5a—'~ mice. Dexamethasone is known to induce
apoptosis of thymocytes, and IL-7 could prevent the
dexamethasone-induced death of CD4*CD8~ mature
thymocytes in wild-type mice (Figure 3, left). The induc-
tion of death by dexamethasone and its prevention by
IL-7 were also seen in Stat5a™~~ mice at a level similar
to that observed in wild-type mice (Figure 3, right). These
results indicate that Stat5ais not required for dexameth-
asone-induced death and that at least some of the sig-
nals induced by IL-7 for preventing dexamethasone-
induced death are not absolutely dependent on Stat5a.

Given the importance of IL-2 in T cell proliferation and
the ability of IL-2 to activate Stat5a potently (Beadling,
et al., 1994; Fujii et al., 1995; Gaffen et al., 1995; Gilmour
et al., 1995; Hou et al., 1995; Lin et al., 1995; Wakao et
al., 1995; Lin et al., 1996), we next examined T cell prolif-
eration in the spleen. Substantial proliferation of fresh
splenocytes was observed in response to anti-CD3 (Ta-
ble 1). In this and other experiments, although the differ-
ence was not statistically significant, cells from the
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Figure 3. Stat5a™~ Mice Exhibit Normal Dexamethasone-Induced
Death of CD4*CD8~ Thymocytes and Normal Prevention of This
Death by IL-7

Thymocytes (1 X 10° from Stat5a~'~ or wild-type mice were cultured
with murine recombinant IL-7 (5 ng/ml) and/or dexamethasone (Dex)
(2 X 10-® M). Eighteen hours later, cell viability was determined as
described in Experimental Procedures. Shown are means + SD from
three mice.

Stat5a™~ mice tended to exhibit less proliferation in
response to anti-CD3 than did cells from the wild-type
mice. Since anti-CD3-induced IL-2 production in
Stat5a '~ mice was normal (data not shown), we specu-
lated that a partial defect in proliferation might result
from diminished cellular sensitivity to IL-2. Indeed, when
Stat5a '~ splenocytes that had been preactivated with
anti-CD3 were stimulated with IL-2, proliferation was
markedly diminished at low concentrations of IL-2 but
was much more similar to that seen in wild-type mice
at high concentrations of IL-2 (Table 2). The finding that
high concentrations of IL-2 were required for achieving
normal levels of proliferation suggested that IL-2Ra ex-
pression might be compromised in the Stat5a—/~ mice,
thereby decreasing the number of high affinity IL-2 re-
ceptors. This hypothesis was consistent with a Statb
binding site in an IL-2 response element in the IL-2Ra
gene (Sperisen et al., 1995; John et al., 1996; Lecine et
al., 1996). Whereas anti-CD3-induced levels of IL-2Ra
protein expression were only modestly diminished in
Statba '~ CD8™ (Figure 4A) and CD4" (Figure 4B) splenic
T cells as compared to wild-type cells (compare histo-
grams b and g in each panel), there was a substantial
defect in IL-2-induced IL-2Ra expression even though
we used a high enough concentration of IL-2 (2 nM) to

Table 1. Splenocyte Proliferation

Genotype RPMI Anti-CD3

+/+ 1299 * 260 74,516 *+ 7888
+/+ 635 *= 25 55,258 *+ 3797
+/+ 756 *= 69 92,967 *= 5792
—/- 219 *+ 54 65,564 *+ 22,753
-/- 180 * 64 47,859 * 19,847
—/- 125 *+ 49 25,860 *+ 4582

Splenocytes from Stat5a~/~ mice proliferated in response to anti-
CD3. Shown is the mean [*H]thymidine uptake = SD of triplicate
wells.

signal through intermediate affinity receptors (compare
histograms e and j in each panel). For example, Statsa—'~
CD8* T cells exhibited approximately 40%-45% of the
wild-type level of IL-2Ra after stimulation with anti-CD3
(448.3 vs. 1051.1 mean fluorescent intensity [Figure 4A,
histogram g vs. b]). However, when these activated cells
were washed and stimulated with IL-2 for an additional
48 hr, IL-2Ra expression was approximately 10%-15%
of wild-type (mean fluorescent intensity of 154.8 for
Stat5a™/~ mice vs. 1295.6 for wild-type mice) (Figure 4A,
histogram j vs. e). A similar though less dramatic defect
was seen in CD4* T cells (Figure 4B). Expression of
another activation marker (CD69), which is not affected
by IL-2 stimulation, was equivalently expressed in wild-
type and Stat5a-deficient mice under all treatment con-
ditions (Figure 4C). Expression of another inducible
gene, IL-2RB, was also examined and similar levels of
IL-2RB were observed in wild-type and Stat5a~’~ mice
under all conditions (Figure 4D, see legend). The dimin-
ished IL-2Ra protein expression corresponded to dimin-
ished levels of IL-2Rae mRNA (Figures 5A and 5B). In
view of the decreased expression of IL-2Ra, we also
examined the expression of other IL-2-induced genes
(Figure 5). Although levels of both IL-2RB and Bcl-2
mRNA were diminished, their expression was more nor-
mal than that seen for IL-2Ra. Expression of IL-2, which
is not regulated by IL-2, was not diminished.

Finally, we analyzed the clonal expansion of T cells
in Statsa~~ mice using the bacterial superantigen
staphylococcal enterotoxin B (SEB) (Kawabe and Ochi,
1991). In this system, following SEB administration, the

Table 2. Proliferation of Anti-CD3-Stimulated Splenocytes

100 pM

1000 pM

IL-2
Experiment Genotype RPMI 10 pM
Experiment 1 +/+ 118,640 + 9348 136,327 * 1830
+/+ 116,856 + 6619 108,786 * 4790
-/- 36,585 + 1078 39,200 * 1312
—/—= 22,226 + 975 30,711 * 1687
-/- 38,087 * 5777 31,080 * 620
—/- 55,113 + 4868 54,022 * 1939
Experiment 2 +/+ 222,223 + 3471 215,156 *+ 5000

_/_
7/7
_/_

30,928 + 3609
48,648 = 4091
67,267 + 4141

36,498 = 10048
53,896 *= 5013
78,171 + 6004

180,671 + 9760
169,265 + 6590
78,419 = 4866
72,722 = 2733
70,013 = 5875
93,471 = 1941

230,787 = 5281
70,080 + 4273
113,095 + 2383
111,651 + 3651

311,122 + 9380
255,882 + 8377
218,462 + 9273
248,836 + 6234
178,744 + 8609
266,789 + 8281

282,810 * 11,912
219,775 + 16,638
358,991 * 9360

286,339 + 12,485

Impaired proliferation of anti-CD3-stimulated Stat5a~/~ splenocytes at low concentration of IL-2. Wild type and Stat5a’~ splenocytes were
stimulated in Falcon 3003 plates coated with 10 pg/ml anti-CD3 mAb for 48 hr and washed twice with PBS, and cells (1 X 10%well) were
cultured with the indicated concentrations of human recombinant IL-2 for 24 hr with [PH]thymidine added during the final 10 hr.
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(A and B) Splenocytes were from wild-type (histograms a-e) or
CD4+ Statba~/~ (histograms f—j) mice. Freshly isolated splenocytes (histo-
grams a and f) were stimulated in Falcon 3003 plates coated with
10 mg/ml anti-CD3 MADb for 48 hr (histograms b and g); washed
twice with PBS; and cultured with 5 mg/ml anti-IL-2 (clone S4B6,
g PharMingen) (histograms ¢ and h), medium alone (histograms d and
2 i), or 2 nM human recombinant IL-2 (histograms e and j) for another
8 48 hr. At every stage of culture (fresh, anti-CD3 stimulation for 48
CD8* : hr, anti-CD3 stimulation for 48 hr followed by another 48 hr with or
2 without IL-2), cells were stained with anti-IL-2Ra (CD25) FITC, anti-
s CD4 PE, and anti-CD8 Cy-Chrome and analyzed on a FACSort.
! Shown are IL-2Ra expression and fluorescent intensity (mean) on
CD69 > CD8" (A) or CD4* (B) T cells from a representative mouse of more
i than ten mice analyzed.
Wild Type (C) CD69 expression on CD4* or CD8" T cells from wild-type or
D Eq 24 Stat5a~'~ mice.
EE & (D) IL-2RpB expression on CD4" or CD8" T cells from wild-type or
cD4+ ¥ 2 Statba~/~ mice. In (C) and (D), the four superimposed histograms
=] 83 correspond to staining with control antibody (broken line) or anti-
93 83 CD69 (C) or anti-IL-2RB (D) (lines a, b, e, f, g, and j correspond to
= =1 the treatments described above for [A] and [B]). Note that surface
expression of IL-2RB (D) was induced by anti-CD3 in both CD4*
: and CD8" T cells, but additional IL-2 treatmentincreased expression
: of IL-2RB only in CD4* T cells. This presumably resulted from a
cDs* e difference in these cell types in the balance between IL-2-induced
. production and IL-2-mediated internalization of IL-2Rp.

'

IL-2RB

T cells bearing VB8 T cell receptors are specifically acti-
vated and expanded in vivo and subsequently deleted
by apoptosis. As shown in Figure 6A, there was little, if
any, SEB-induced expansion of V8" CD8" T cells in
Stat5a~’~ mice (P < 0.01), whereas SEB-induced expan-
sion of V38" CD4" T cells occurred albeit less potently
than that seen in wild-type mice (p = 0.052, Figure 6B).

The expected compensatory changes were seeninVg6*
T cells in both wild-type and Stat5a—'~ mice (Figures 6C
and 6D). Because mice lacking IL-2 (Kneitz et al., 1995)
or IL-2Ra (Willerford et al., 1995) are defective in SEB-
induced deletion of VB8* T cells, we analyzed SEB-
induced deletion in Stat5a~’~ mice. Of note, no detect-
able defect was found in SEB-induced deletion in
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Stat5a~~ mice at day 8 (Figures 6A and 6B). Consistent
with this finding, SEB could increase apoptosis of V38*
T cells as evaluated by staining with Annexin V (Figure
7A) and induce Fas expression on VB8* T cells (Figure
7B) to a similar level in Stat5a~/~ and wild-type mice.
This Fas induction was functional, since Fas-mediated
death was enhanced by SEB treatment in both Va8*
CD4* T cells (Figures 7C and 7E) and V8™ CD8™ T cells
(Figures 7D and 7F) with a similar efficiency in Stat5a '~
mice and wild-type littermates. This was seen with either
agonistic anti-Fas monoclonal antibody (MAb) (clone
Jo2, Figures 7C and 7D) or soluble Fas ligand (FasL)
(Figures 7E and 7F). These results indicate that Stat5a
is required for normal levels of SEB-induced expansion
(presumably by allowing IL-2-induced IL-2Ra expres-
sion). In contrast, Statba-mediated signaling is not re-
quired for maintaining normal levels of SEB-induced
deletion.

Discussion

There are three classes of IL-2 receptors, binding IL-2
with low (K4 = 1078 M), intermediate (K4 = 10°° M), and
high (Kq = 107! M) affinities. Low-affinity IL-2 receptors
contain only IL-2Re; intermediate-affinity receptors con-
tain IL-2RB and vy, and high-affinity receptors contain
all three chains. Only the intermediate and high-affinity
receptors can transduce signals in response to IL-2.
Consistent with this observation, the heterodimerization
of IL-2RB and v, is both necessary and sufficient for
IL-2 signaling (Nakamura etal., 1994; Nelson et al., 1994).
Although signaling can occur in the absence of IL-2Rq,
IL-2Ra is vital for normal immune function, as demon-
strated by the autoimmunity, inflammatory bowel dis-
ease, and premature death exhibited by IL-2Ra ™/~ mice
(Willerford et al., 1995) and by the severe combined
immunodeficiency in a patient with IL-2Ra deficiency
(Sharfe et al., 1997). Presumably, IL-2Ra is required to
convert intermediate-affinity receptors into high-affinity
receptors, thus conferring a 100-fold increase in binding
affinity for IL-2, and allowing efficient cellular respon-
siveness to the low concentrations of IL-2 that are physi-
ologically produced in vivo.

IL-2Ra expression is induced by a variety of stimuli,

Wild Type Stat5a-/-

Figure 5. Impaired IL-2Ra MRNA Expression
in Activated Splenocytes

(A) Anti-CD3-stimulated splenocytes were
cultured with or without 2 nM human recom-
binant IL-2 for 10 hr. Cells were washed with
PBS, and RNA was extracted using Trizol re-
agent. Northern blots were hybridized with
the indicated genes.

(B) The intensities of bands were quantified
by densitometry and their intensities were
normalized relative to the amount of G3PDH
hybridization. Shown are representative data
from four mice.
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including antigens/mitogens and certain cytokines, such
as IL-2 (Leonard et al., 1984, 1994; Depper et al., 1985;
reviewed by Smith, 1988). Analysis of the 5’ regulatory
region of the IL-2Ra gene has revealed the presence
of at least three important regulatory regions. Whereas
positive regulatory regions | and Il are essential for mito-
gen-induced IL-2Ra expression (John et al., 1995), they
are insufficient for IL-2-induced regulation of the IL-2Ra
gene. Instead, a third region, positive regulatory region
11l, which binds both Stat5 and EIf-1, forms a potent IL-2
response element in both the murine (Sperisen et al.,
1995) and human (John et al., 1996; Lecine et al., 1996)
IL-2Ra genes. Indeed, mutations of tyrosines in IL-2Rj3
that are required for Stat5 docking and activation are
required for IL-2Ra induction (Friedmann et al., 1996;
Ascherman et al., 1997). Our data now establish that
Statbais vitalfor normal IL-2-induced IL-2Ra expression
but not for anti-CD3-induced IL-2Ra expression. The
finding that anti-CD3-induced IL-2Ra expression was
diminished in Stat5a~'~ mice may be explained by the
fact that anti-CD3 stimulation also induces IL-2 produc-
tion; thus, anti-CD3 has both “direct” TCR-mediated
effects and “indirect” IL-2-induced effects on IL-2Ra
induction in normal mice, but in the Statsa~/~ mice,
these latter signals are defective. Moreover, our data
indicate that proliferation at physiological levels of IL-2
is dependent on IL-2-induced IL-2Ra expression and
suggest that antigen-mediated induction of IL-2Rq,
without IL-2-induced maintenance of IL-2Ra levels, is
insufficient for normal proliferation or expansion of T
cells in vivo.

Considerable discussion has centered on the role of
STATs in proliferation (Leonard, 1996). Both Stat4 (Kaplan
et al., 1996b; Thierfelder et al., 1996) and Stat6 (Kaplan
et al., 1996a; Shimoda et al., 1996; Takeda et al., 1996)
knockout mice exhibit diminished proliferation in re-
sponse to IL-12 and IL-4, respectively, although the
mechanism(s) for these effects have remained unclear.
In the case of Stat6~'~ mice, IL-4Ra expression is dimin-
ished, making it unclear whether the lack of Stat6 had
adirect or indirect effect on proliferation. Various studies
have either suggested no role (Quelle et al., 1996) or
some role (Goldsmith et al., 1995; Mui et al., 19953;
Friedmann et al., 1996) for Stat5 in proliferation. Our



Indirect Role for Stat5a in Proliferation

697
A )
&) VB8+ CD8* T cells G vps+CD4+ T cells
o Wild Type o Wild Type
251 b e stasas 307 ® Statsa /-
257
201
f{* 201 {i %
159
157
10 T 10 T
Day 0 Day 3 Day 8 Day 0 Day 3 Day 8
C. D
gg’) VB6t+ CD8+ T cells g‘gv) VB6+ CD4+ T cells
o Wild Type o Wild Type
m Statsa 7 m Statsa 7"
10 10
* % ] &1 % %
6 % 6 *
) . 4 :
Day 0 Day 3 Day 8 Day O Day 3 Day 8

Figure 6. Defective SEB-Induced Expansion of VB8* T Cells in
Stat5a~’~ Mice

Wild-type or Stat5a~’~ mice were injected with SEB as described
in Experimental Procedures. The percentage VB8 (A and B) and VB6
(C and D) were then determined for CD8 (A and C) and CD4 (B and
D) populations of T cells.

data clarify that at least for IL-2 signaling, the defect in
proliferation in Stat5a~/~ lymphocytes is indirect and is
based on diminished IL-2Ra expression, since maximal
proliferation in vitro could be achieved at levels of IL-2
sufficient to titrate IL-2RB/y. intermediate affinity recep-
tors. The defect in SEB-induced clonal expansion of
VB8* T cells in Stat5a™/~ mice, particularly among the
CD8" T cells, indicates that Stat5a is vital for clonal
expansion in vivo, at least for the CD8* T cells (the cells
in which we observed a greater defect in IL-2-induced
IL-2Ra expression [Figure 4]).

Not only is IL-2Ra expression important for maximal
T cell proliferation; it also appears to play a role in sensi-
tizing T cells to activation-induced cell death, since this
function is defective in IL-2Ra—deficient mice (Willerford
etal., 1995). Presumably, because of this defect of acti-
vation-induced cell death, IL-2Ra-deficient mice exhibit
lymphadenopathy and autoimmune disease. Itis there-
fore noteworthy that the Statsa™~ mice (at least until
4 months of age, the oldest mice we have examined)
develop neither lymphadenopathy nor an activated phe-
notype of T cells (data not shown), as is typically found
in the IL-2Ra—deficient mice (Willerford et al., 1995). The
finding that the Stat5a~~ mice are more normal than IL-
2Ra '~ mice might be explained by their retention of
relatively normal anti-CD3-induced IL-2Ra expression.

Stat5b expression was diminished in some Stat5a™/~
mice. This could suggest that Stat5b expression can
be influenced by Stat5a or by a Stat5a-regulated gene
product, and it was possible that diminished Stat5b ex-
pression could contribute to the defects observed. How-
ever, even Stat5a~’~ mice with normal levels of Stat5b
exhibited the same defects, indicating that defective
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Figure 7. Stat5a-Deficient Mice Exhibit Normal Fas-Mediated Death
(A) Similar levels of annexin V staining in wild-type and Stat5a-
deficient VB8*CD4" T cells in mice treated with PBS (top) or SEB
(bottom) for 5 days.

(B) Basal (PBS) and SEB-induced levels of Fas expression was
similar in wild-type and Stat5a—/~ mice. Shown is anti-Fas staining
on VB8*CD4* T cells in mice treated with PBS or SEB for 5 days.
(C-F) Mice were pretreated for 72 hr with PBS (open bars) or SEB
(filled bars) before cells were harvested as described in Experimental
Procedures. (C and D) Shown are means * SD of the percentage
induced cell death in VB8" CD4' (C) and VB8* CD8" (D) T cells
treated with anti-Fas MADb (clone Jo2). (E and F) Shown are means =
SD of percentage induced cell death in V38" CD4™" (E) and VB8* (F)
T cells treated with soluble FasL.

Stat5a expression itself was responsible for diminished
induction of IL-2R« in response to IL-2.

Given that Statba is activated by IL-7 (Lin et al., 1995),
it was striking that no obvious developmental abnormali-
ties were found in the immune systems of Stat5a™~
mice, even though IL-77/~ and IL-7Ra ™/~ mice exhibit
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markedly compromised T cell and B cell development
(Peschon et al., 1994; von Freeden-Jeffry et al., 1995).
In addition, although IL-7 is known to play a role in
IL-2Ra expression in double-negative thymocytes (Zu-
niga-Pflucker et al., 1996), Stat5a '~ mice exhibit normal
IL-2Ra expression in these cells. Thus, Stat5a is not
required for these actions of IL-7. We have also shown
that the absence of Stat5a had little effect on the ability
of IL-7 to prevent dexamethasone-induced apoptosis.
Given that Stat5a and the glucocorticoid receptor can
physically interact (Stocklin et al., 1996), it might have
been expected that dexamethasone-induced apoptosis
and its prevention by IL-7 would be impaired in Statsa '~
mice. Thus, either the Stat5a-glucocorticoid receptor
interaction is not important for this apoptosis or there
are redundant pathways. Since IL-4 can also exhibit a
protective effect similar to that of IL-7 in preventing
dexamethasone-induced apoptosis (Migliorati et al.,
1993), even though IL-4 activates Stat6 instead of Stat5
proteins, it is clear that protective effects against dexa-
methasone-induced apoptosis are not strictly depen-
dent on a particular STAT protein.

Therefore, from the analysis of Stat5a-deficient mice,
we can draw several conclusions. First, we provide the
first example in which the mechanism of defective prolif-
eration in a STAT-deficient system is clearly an indirect
effect, based on the regulation of expression of a com-
ponent of a cytokine receptor chain (IL-2Ra). Defective
Stat5a expression did not cause a defect in the intrinsic
proliferative potential of peripheral T cells; instead, it
caused a defect IL-2-induced IL-2Ra expression, which
in turn caused defective T cell proliferation in vitro at
low levels of IL-2. Second, the finding that superantigen-
induced T cell expansion in vivo was also defective
demonstrates the importance of IL-2-induced IL-2Ra
expression in vivo. Third, given the severe defect in
thymic and B cell development in mice deficient in IL-7
or IL-7Ra (and in mice deficient in vy, [Cao et al., 1995;
DiSanto et al., 1995; Ohbo et al., 1996] or Jak3 [Nosaka
et al., 1995; Park et al., 1995; Thomis et al., 1995]), our
data indicate that Stat5a is not an absolutely essential
downstream signaling molecule for IL-7 in lymphoid de-
velopment, even though IL-7 potently activates Stat5a.
Fourth, our data provide in vivo evidence that there
are two mechanisms by which the IL-2Ra gene can
be activated (one by anti-CD3, largely independent of
Statba, and one by IL-2, largely dependent on Stat5a).
Considering the data reported by Willerford et al. (1995)
on the phenotype of IL-2Ra—-deficient mice, we can now
conclude that there are important physiological roles
for both mechanisms of activation of the IL-2Ra gene.
Fifth, the finding that both IL-2 and Stat5a-deficient
mice exhibit defective expansion of cells but that only
IL-2—deficient mice exhibit defective deletion suggests
that Statba plays a vital role in expansion but not in
FasL-mediated deletion and that Stat5a-independent
pathways are responsible for the differences in deletion.
Finally, these mice provide insight into the immunologi-
cal phenotype that might be seen in humans with Stat5a
deficiency, an important consideration in the treatment
of patients with primary immunodeficiencies associated
with normal numbers of T and B cells.

Experimental Procedures

Mice

Allanimals used for these experiments were F2 or F3 animals derived
from Statba heterozygous crosses of mixed background (129
SVEv X NIH Black Swiss or 129 SvEv X BALB/c) animals. All experi-
ments were carried out under protocols approved by National Insti-
tutes of Health Animal Use and Care Committees and followed the
National Institutes of Health guidelines “Using Animals in Intramural
Research.”

Flow Cytometric Analyses

Cells from the thymus and spleen were stained and analyzed on a
FACSort (Becton Dickinson, San Jose, CA) using CELLQuest soft-
ware (Cao et al., 1995). For direct staining, the following conjugated
antibodies were purchased from PharMingen (San Diego, CA): anti-
TCRap fluorescein isothiocyanate (FITC) and Cy-chrome (H57-597
to TCRB); anti-TCRy3 FITC (GL3), anti-CD3e phycoerythrin (PE) (145-
2C11), anti-CD4FITC, PE, and Cy-Chrome (H129.19); anti-CD8 FITC,
PE, and Cy-Chrome (53-6.7); anti-IL-2Ra (CD25) FITC (7D4), anti-
IL-2Ra PE (3C7), anti-CD44 Cy-Chrome (IM7), anti-CD45R (B220) Cy-
Chrome (RA3-6B2), anti-CD69 PE (H1.2F3), anti-IgM FITC (R6-60.2),
anti-IL-2Rp FITC (TM-B1), anti-TCR VB6-FITC, and PE (RR4-7); and
anti-TCR VB8.1,2 FITC and PE (MR5-2).

Annexin V Staining

After cells were stained with anti-CD4 Cy-Chrome and anti-V38 PE
and washed twice with phosphate-buffered saline (PBS) containing
1% bovine serum albumin (BSA), cells were stained with annexin V
FITC (R & D Systems) according to the manufacturer’s instructions.
Cells were analyzed on a FACSort.

Dexamethasone-Induced Cell Death Assay of Thymocytes

An in vitro cell death assay of thymocytes was performed by modi-
fying the method of Negishi et al. (1995). In brief, thymocytes (1 X
10°) from Stat5a~'~ or wild-type mice were cultured in RPMI 1640
media supplemented with 10% fetal bovine serum (FBS), 2 mM
glutamine, and antibiotics. Where indicated, murine recombinant
IL-7 (R & D Systems)was added at 5 ng/ml (330 pM), and dexametha-
sone was used at 2 X 10® M. Eighteen hours later, cells were
harvested and stained with anti-CD4 FITC and anti-CD8 PE, and
cell viability was determined using propidium iodide (PIl, 5 pg/ml,
Sigma) and a flow cytometer without gating. Cells were analyzed
in triplicate. The percentage survival of CD4*CD8~ (CD4 single-
positive) cells was calculated as (humber of viable CD4 single-posi-
tive cells cultured with each additive/number of viable CD4 single-
positive cells cultured in medium alone) X 100.

SEB-Induced Expansion and Deletion of VB8*

T Cells In Vivo

Mice 3-4 months old were injected intraperitoneally with PBS or 50
w.g of staphylococcal enterotoxin B (SEB, Sigma) and then sacrificed
on days 3 and 8. Splenocytes were stained with anti-CD4 PE and
anti-CD8 Cy-Chrome plus either anti-V8.1,2 FITC or anti-Vp6 FITC
and then analyzed on a FACSort.

Fas-Mediated Cell Death of Splenic T Cells

Stat5a /'~ or littermate control mice were injected with PBS or 50
wg of SEB. Mice were sacrificed 72 hr later and sensitivity to Fas-
mediated cell death was analyzed in two ways. First, splenocytes
were cultured for 6 hr with 5 pg/ml agonistic anti-Fas MAb (clone
Jo2, no sodium azide, low endotoxin; PharMingen; Ogasawara et
al., 1993) or purified hamster IgG (PharMingen) as a control. Second,
splenocytes were cultured for 6 hr with soluble FasL (100 ng/ml)
with 1 pg/ml of an enhancer of FasL-mediated killing (Alexis, San
Diego, CA) according to the manufacturer’s instructions. Cells were
then harvested, stained with anti-VB8 FITC, and either anti-CD4
CyChrome or anti-CD8 CyChrome. Cell viability was determined
using Pl and a flow cytometer, without gating. The percentage Fas-
induced cell death of CD4* VB8" T cells was calculated as (1 —
[number of CD4* VB8* PI~ cells in the experimental culture]/[number
of CD4" V8" PI~ cells in the control culture]) X 100. Analogously,
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the percentage Fas-induced cell death of CD8* V8" T cells was
calculated.

Preactivation of Splenocytes

Splenocytes (1 X 10%ml) were stimulated in Falcon 3003 plates
coated with 10 pg/ml anti-CD3e MAb (145-2C11, PharMingen) or
phytohemagglutinin in RPMI 1640 medium containing 10% FBS, 2
mM glutamine, and antibiotics for 48 hr.

IL-2 Production and Proliferation Assays

For IL-2 production, splenocytes were cultured for 48 hr in Falcon
3003 plates coated with 10 pg/ml anti-CD3e MAb (145-2C11), and
IL-2 was measured by bioassay as described previously (Cao et al.,
1995). For proliferation of fresh splenocytes, 96-well plates were
coated with 10 pg/ml anti-CD3e MAb. Splenocytes (2 X 10°%/well)
were cultured for 48 hr, with 1 wCi of [*H]thymidine added for the
final 10 hr. For proliferation of anti-CD3-stimulated splenocytes,
cells (1 X 10% were cultured with various concentration of IL-2
(Cetus) for 24 hr with a [*H]thymidine pulse for the last 10 hr.

Northern Blotting

Anti-CD3-stimulated splenocytes were cultured with or without 2
nM human recombinant IL-2 for 10 hr. Cells were washed with PBS,
and RNA was extracted using Trizol reagent (Gibco BRL). Northern
blotting was performed using 18 pg of total RNA by standard meth-
ods, as previously described (Ascherman et al., 1997). Blots were
hybridized with the following probes: a 1.2 kb fragment of murine
IL-2Ra cDNA (Miller et al., 1985), a 1.7 kb fragment of murine IL-2RB
cDNA (a gift from T. Malek), a 2.2 kb fragment of murine Bcl-2 cDNA
(a gift from J. F. Mushinski), a 0.5 kb polymerase chain reaction
(PCR)-generated fragment of the murine IL-2 cDNA, and a 1.0 kb
PCR fragment of the murine glyceraldehyde-3-phosphate dehy-
drogenase (G3PDH) cDNA (Ascherman et al., 1997). Probes were
labeled by random priming using the Prime It Il Kit (Stratagene).

Electrophoretic Mobility Shift Assays

A probe derived from the ovine B-casein promoter was labeled with
[??P]dGTP and Klenow fragment of DNA polymerase, as previously
described (Lin et al., 1996). Cells were washed twice with PBS,
resuspended in lysis buffer (20 mM HEPES [pH 7.8], 450 mM NaCl,
0.4 mM EDTA, 0.5 mM dithiothreitol, 25% glycerol, 0.5 mM AEBSF
(4-(2-aminoethyl)-benzenesulfonyl fluoride hydrochloride), and pro-
tease inhibitors), and subjected to three freeze-thaw cycles. Whole-
cell extracts were prepared by spinning at 18,000 X g at 4°C for 15
min. Samples (12 pg) of extract in 10 pl of lysis buffer was combined
with 11 pl of 2X binding buffer (100 mM KCI, 20 mM Tris-HCI, 20
mM HEPES, 1 mM dithiothreitol, 1 mM EDTA, 20% glycerol [pH 7.8])
containing 2 pg of poly dI-dC and incubated for 20 min on ice, and
then 3 X 10* cpm of the probe was added and incubation continued
on ice for an additional 20 min. Supershifting was performed by
preincubating the whole-cell extract with 3 pl of a pan-Stat5 antise-
rum that recognizes both Stat5a and Stat5b (Lin et al., 1995). Electro-
phoresis was carried out at room temperature using 5% or 6%
polyacrylamide gels.

Western Blotting

Samples (15 pg) of whole cell extracts were separated on 8% SDS
polyacrylamide gels and transferred to Immobilon-P membranes
(Millipore). Blots were blocked with PBS containing 0.15% Tween
20 and 3% BSA for 1 hr at room temperature and incubated with
anti-Statb5a (Liu et al., 1996), anti-Stat5b (Liu et al., 1996), or anti-
Stat3 (Transduction Laboratories)for 1 hr at room temperature. After
three washes of 10 min each with PBS containing 0.15% Tween
20, blots were incubated with anti-mouse or anti-rabbit antibodies
conjugated with horseradish peroxidase (Amersham) in PBS con-
taining 0.15% Tween 20 and 3% BSA for 1 hr at room temperature;
washed with PBS containing 0.15% Tween 20; and developed with
an enhanced chemiluminescent substrate (Pierce).
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